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Combinatorial methods of organic synthesis1 are now
established as an important source of compound diversity
for drug discovery. These libraries are usually prepared
by solid-phase techniques, although solution-phase2 routes
are attracting increasing attention. Recently, we re-
ported3 the solution-phase synthesis of a thiohydantoin
library from R-amino acids, aldehydes, and isothiocyan-
ates. We were also interested in the homologous syn-
thesis of 2-thioxo-4-dihydropyrimidinones4 (dihydro-2-
thiouracils), a class of compounds known5 to possess
biological activity, and disclosed some preliminary re-
sults. Here, we present further details of this work and
its application to the synthesis of a library comprising
125 discrete compounds.

Results and Discussion

In our thiohydantoin synthesis, the cyclization (Scheme
1, n ) 1, 5 to 6) was considerably faster for N-alkylamino
acid esters compared to their unsubstituted counterparts.
Indeed, with secondary amines (3), the cyclization oc-
curred during the conditions of isothiocyanate (4) addi-
tion (rt, 1 mol equiv triethylamine6), and we were unable
to isolate intermediate 5. The related six-membered ring
(Scheme 1, n ) 2) cyclization to thioxopyrimidinones was
less facile and did not occur likewise. Related cyclizations

have been reported7 using strong acid or base; however,
these conditions are less suitable for compounds contain-
ing sensitive functionality. We have found that the
thioureas undergo the desired cyclization in refluxing
triethylamine.8 Typically, the reaction was complete
after 1 day, while further heating (for example, 3 days)
did not lead to product decomposition. When the alde-
hyde component (2) was 4-acetoxybenzaldehyde, partial
hydrolysis of the acetate ester was observed in the
thioxopyrimidinone products.
We have investigated a variety of â-amino acid esters,

aromatic aldehydes, and isothiocyanates as reaction
inputs. Over 80 thioxopyrimidinones were successfully
prepared during this validation phase. In general, the
thioxopyrimidinone cyclization is more susceptible to
steric hindrance than the thiohydantoin synthesis. Thus,
thioureas (7, Figure 1) derived from cyclohexyl isothio-
cyanate did not undergo cyclization, whereas thiohydan-
toins were successfully formed3 with tert-butyl and
1-adamantyl isothiocyanates. In the case of methyl
nipecotate, the thiourea intermediate (8) also did not
cyclize, and decomposed after one week of heating.
Finally, anthranilate esters (9) gave variable yields in
the reductive alkylation and isothiocyanate addition.
We next prepared a library of 125 discrete thioxopy-

rimidinones from a set of 5 permutations each for the
â-amino acid esters, aldehydes, and isothiocyanates
(Table 1). Reductive alkylations of the â-amino acid
esters were carried out on a large scale, and the crude
products divided into portions followed by reaction with
individual isothiocyanates. These reactions proceeded
uneventfully, except for the reductive alkylation of â-ala-
nine methyl ester (the least hindered â-amino acid),
which was plagued by dialkylation. With 3-methoxy-
benzaldehyde and 4-bromobenzaldehyde, chromatographic
purification was necessary to remove the dialkylated
product. For benzaldehyde and furfural, only dialkylated
products were formed, and the reaction was instead
carried out with limiting aldehyde (0.5 mol equiv) to
obtain the monoalkylated amino acid after chromatog-
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Scheme 1. Combinatorial Synthesis of
Thiohydantoins (n ) 1) and Thioxopyrimidinones

(n ) 2)
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raphy. With the more hindered 2-chlorobenzaldehyde,
no dialkylation was observed, and the crude product was
used directly.
In some cases, the thiourea intermediates (5) in our

library underwent cyclization to the thioxopyrimidinone
without the need for heating. This was particularly so
for compounds containing ethyl isothiocyanatoacetate as
a building block. In our earlier thiohydantoin synthesis,
the final purification consisted of an aqueous wash with
glycine as a scavenger. We have since found that
aminomethylated polystyrene9 is a convenient means of
removing excess aldehyde and isothiocyanate. This
avoids the need for an aqueous workup10 and was the
protocol used for the thioxopyrimidinone library. The
purity of the compounds was assessed by 1H NMR, MS,
and HPLC analysis (for 25 representative examples, see
Table 2). Five of these compounds (10-14, Figure 2)
were chromatographed and characterized fully (see Ex-
perimental Section).
In summary, we have demonstrated the utility of the

three-step sequence (reductive alkylation, isothiocyanate
addition, cyclization) for the combinatorial synthesis of
thioxopyrimidinones. Two of the three building blocks,
aldehydes and isothiocyanates, are readily available with
high diversity. Commercially available â-amino acids are

less abundant, but they can be prepared11 by homologa-
tion of the R-amino acid.

Experimental Section

General. For general methods and instrumentation, see ref
3. IR, 1H, and 13C NMR spectra were recorded in CDCl3; 1H
and 13C NMR were taken at 300 and 75 MHz, respectively.
Methyl esters 2-5 (Table 1) were prepared from the correspond-
ing â-amino acids by reaction with SOCl2 and MeOH, followed
by recrystallization from EtOH and Et2O. Methyl â-aminobu-
tyrate (3, Table 1) was obtained as a yellowish syrup which was
insoluble in CH2Cl2. Reductive alkylations with this compound
were carried out in MeOH.
Library Synthesis. A solution of â-amino acid methyl ester

hydrochloride salt (0.5 mmol), triethylamine (1.1 mol equiv),
aldehyde (1.1 mol equiv), and sodium triacetoxyborohydride (1.5
mol equiv) in CH2Cl2 was stirred overnight at rt and then
quenched with water. The organic phase was washed with
water (2×) and dried over MgSO4, and aliquots were evenly
distributed into 1.5 mL vials. Triethylamine (14 µL, 0.1 mmol)
and isothiocyanate (0.11 mmol) were added into each vial, and
the solution shaken for 3 h. Aminomethylated polystyrene
resin12 (0.2-0.5 mol equiv) was added, and the vials were shaken
overnight. The resin was filtered off, and the solution was
heated at 80 °C for 1 day. The remaining solvent and triethyl-
amine were finally removed by evaporation in a SpeedVac to
yield the crude thioxopyrimidinones. Compounds 10-14 were
chromatographed on silica (hexanes-ethyl acetate 75:25 eluent).
1-(Phenylmethyl)-3-(2-phenylethyl)-tetrahydro-2-thioxo-

4(3H)-pyrimidinone (10, thioxopyrimidinone 1Ac): 22 mg,
67%; pale yellow foam; IR νmax 1705 cm-1; 1H NMR δ 2.61 (2H,
t, J ) 6.8 Hz), 3.01-3.06 (2H, m), 3.37 (2H, t, J ) 6.8 Hz), 4.54-
4.59 (2H, m), 5.29 (2H, s), 7.20-7.38 (10H, m); 13C NMR δ 31.4,
33.9, 43.3, 47.7, 58.2, 126.3, 127.8, 128.1, 128.3, 128.9, 129.1,
135.4, 138.7, 165.8, 181.7. HRMS calcd for C19H20N2OS 324.12964
(M+), found 324.12929. HPLC purity 91%.
1-[(4-Bromophenyl)methyl]-3-(4-methylphenyl)-5-meth-

yl-tetrahydro-2-thioxo-4(3H)-pyrimidinone (11, thioxopy-
rimidinone 2De): 38 mg, 94%; white solid, mp 144-146 °C; IR
νmax 1719 cm-1; 1H NMR δ 1.22 (3H, d, J ) 7.1 Hz), 2.40 (3H, s),
2.82-2.90 (1H, m), 3.40 (1H, dd, J ) 10.9, 13.2 Hz), 3.60 (1H,
dd, J ) 5.8, 13.2 Hz), 5.23 (1H, d, J ) 14.8 Hz), 5.34 (1H, d, J
) 14.9 Hz), 7.02-7.53 (8H, m); 13C NMR δ 12.8, 21.3, 35.6, 50.0,
57.5, 122.2, 128.8, 129.7, 129.8, 132.0, 134.4, 137.4, 138.2, 169.4,
182.4. HRMS calcd for C19H19BrN2OS 402.04016 (M+), found
402.03894. HPLC purity 86%.
1-[(2-Chlorophenyl)methyl]-3-propyl-6-methyl-tetrahy-

dro-2-thioxo-4(3H)-pyrimidinone (12, thioxopyrimidinone
3Ba): 19 mg, 60%; pale yellow foam; IR νmax 1703 cm-1; 1H NMR
δ 0.95 (3H, t, J ) 7.4 Hz), 1.24 (3H, d, J ) 6.7 Hz), 1.64-1.78
(2H, m), 2.56 (1H, dd, J ) 1.9, 16.2 Hz), 2.84 (1H, dd, J ) 6.3,
16.2 Hz), 3.70 (1H, dp, J ) 1.8, 6.7 Hz), 4.23 (1H, ddd, J ) 6.3,
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Figure 1.

Table 1. Building Blocks for the Thioxopyrimidinone
Library

Table 2. Mass Recovery and HPLC Purity of
Representative Thioxoprimidinones

thioxoprimi-
dinone

mass
recoverya

(%)

HPLC
purity
(%)

thioxoprimi-
dinone

mass
recoverya

(%)

HPLC
purity
(%)

1Ae 86 75 3De 70 70
1Bc 87 85 3Eb 63 60
1Cd 84 73 4Ae 96 83
1Db 79 87 4Bd 115 91
1Ec 101 81 4Cb 116 80
2Aa 71 61 4Dd 116 91
2Bd 92 84 4Eb 112 70
2Cc 62 78 5Ac 95 87
2De 99 81 5Ad 108 85
2Eb 64 60 5Cd 92 83
3Ac 67 80 5Db 101 85
3Ba 66 79 5Ea 89 72
3Cd 63 59

a Calculated as the ratio of isolated mass over theoretical yield,
expressed as a percentage.
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9.4, 12.8 Hz), 4.43 (1H, ddd, J ) 6.0, 9.3, 13.1 Hz), 4.80 (1H, d,
J ) 15.8 Hz), 6.02 (1H, d, J ) 15.8 Hz), 7.24-7.42 (4H, m); 13C
NMR δ 11.2, 16.8, 21.2, 37.8, 48.0, 49.9, 54.1, 127.3, 128.8, 129.2,
129.8, 133.3, 133.4, 165.2, 180.9. HRMS calcd for C15H19N2OS
275.12180 ([M - Cl]+), found 275.12195. HPLC purity 82%.
1-(2-Furylmethyl)-3-(carbethoxymethyl)-cis-octahydro-

2-thioxo-4(3H)-quinazolinone (13, thioxopyrimidinone
4Eb): 28 mg, 80%; pale yellow syrup, IR νmax 1709, 1743 cm-1;
1H NMR δ 1.28 (3H, t, J ) 7.0 Hz), 1.22-1.82 (7H, m), 2.48 (1H,
br d, J ) 13.2 Hz), 2.92 (1H, br s), 3.64-3.71 (1H, m), 4.21 (2H,
q, J ) 7.2 Hz), 4.74 (1H, d, J ) 15.3 Hz), 4.98 (1H, d, J ) 16.9
Hz), 5.35 (1H, d, J ) 17.0 Hz), 5.69 (1H, d, J ) 15.4 Hz), 6.37
(1H, t, J ) 1.7, 3.4 Hz), 6.44 (1H, d, J ) 2.9 Hz), 7.39 (1H, d, J
) 2.4 Hz); 13C NMR δ 14.1, 21.0, 24.4, 24.7, 25.8, 40.2, 47.4,
50.0, 57.4, 61.3, 109.8, 110.7, 142.6, 149.1, 167.8, 168.7, 179.4.
HRMS calcd for C17H22N2O4S 350.13004 (M+), found 350.12851.
HPLC purity 82%.
1-[(3-Methoxyphenyl)methyl]-3-(3-fluorophenyl)-6-phen-

yl-tetrahydro-2-thioxo-4(3H)-pyrimidinone (14, thioxopy-
rimidinone 5Cd): 29 mg, 68%; pale yellow foam, mp 54-60 °C;
IR νmax 1715 cm-1; 1H NMR δ 3.08 (1H, dd, J ) 1.8, 16.4 Hz),

3.25 (1H, dd, J ) 6.8, 16.4 Hz), 3.81 (3H, s), 4.16 (1H, d, J )
15.0 Hz), 4.94 (1H, d, J ) 6.4 Hz), 6.48 (1H, d, J ) 15.0 Hz),
6.88-7.49 (13H, m); 13C NMR δ 39.1, 55.3, 56.7, 57.0, 113.4,
113.9, 115.5, 115.7, 120.2, 125.5, 128.9, 129.6, 130.0, 130.2, 136.1,
137.1, 140.6, 140.8, 160.1, 164.5, 182.0. HRMS calcd for
C24H21N2O2SF 420.13077 (M+), found 420.12820. HPLC purity
91%.
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